ABSTRACT The synthesis andaccumulation of proteinase inhibitor I in excised tomato leaves can be induced with oligosaccharides obtained by fungal endo-a-1,4-polygalacturonase digestion of a pectic polysaccharide (Mr 5000-10,000) isolated from tomato leaves. Active oligosaccharides were-also released from isolated tomato leaf cell walls by endopolygalacturonases partially purified from tomato plants. It.is suggested that oligosaccharides, released from plant cell wall pectic polysaccharides by either endogenous or exogenous endopolygalacturonases at a wound or infection site, may have hormone-like roles in regulating plant defense responses in unwounded tissues many centimeters away from the site of release.
Severe wounding of tomato or potato leaves by attacking pests or other mechanical damage releases a putative wound hormone that is transported throughout the plants where it induces leaves to initiate synthesis and accumulation of two proteinaceous inhibitors of serine endopeptidases (1) . This proteinase inhibitorinducing factor (PIIF) has been consistently associated with polysaccharides ofwidely varying sizes (2) , suggesting that PIIF activity may be intrinsic to a specific saccharide sequence or structure.
Recently, a highly active tomato PIIF fraction of Mr 5000-10,000 was shown to be pectic polysaccharide. It has a composition similar to that of an enzymically produced fragment of sycamore cell walls, of Mr 200,000, that was shown to have activity similar to that oftomato PIIF (3) . This evidence suggested that PIIF activity may be associated with a structural component of plant cell walls. However, in view.of the large sizes of.both the tomato pectic polysaccharide and the sycamore cell wall fragment, it is questionable whether they would be rapidly transported through the plant vascular system after wounding in vivo.
-In this communication we report that an endopolygalacturonase purified from.the fungus Rhizopus stolonifer (4) degrades tomato PIIF into oligosaccharides that are active inducers of proteinase inhibitor I when supplied to excised tomato leaves. We also show that a mixture of two endopolygalacturonases, partially purified from. tomato fruit, degrades both tomato PIIF and purified tomato cell walls into PIIF-active oligosaccharides. These results suggest that PIIF activity produced in vivo by cell damage resides in small hydrolytic fragment(s) of plant cell walls.
MATERIALS AND METHODS
Tomato PIIF is a partially purified, highly methylated soluble pectic polysaccharide of Mr 5000-10,000 on the basis of its elution profile from Sephadex G-50 when compared to protein standards (unpublished data). Acid-demethylated tomato PIIF polysaccharide was prepared by dissolving 50 mg oftomato PIIF in 5 ml of 2 M trifluoroacetic acid and heating under reduced pressure at 859C for 1 hr. The reaction mixture was chilled in an ice bath and then centrifuged at 25,000 X g for 10 min. The supernatant was lyophilized to remove the trifluoroacetic acid. The residue was dissolved in water, adsorbed on DE-52 (Whatman),.and eluted with a 0-0.5 M (NH4)HCO3 gradient; the acidic polysaccharide fraction was recovered by lyophilization. This procedure also removed some neutral sugars but did not significantly reduce the size or activity of the polysaccharide. .Endopolygalacturonase purified from the fungus R. stolonifer (4) was a gift of Charles West.
A partially purified tomato endopolygalacturonase preparation was obtained from ripe "Bonnie Best" tomato fruit by procedures adapted.from Patel and Phaff (5) and Pressey and Avants (6) . Ripe tomatoes (1.5 kg) were halved and blended with 750 ml of distilled H2.0; the pulp was recovered by centrifugation. The pulp, together with NaCl (5% by weight), was added to 750 ml of 5% (wt/vol) aqueous NaCl. The mixture was allowed to incubate overnight at 5YC with 150 mg of thimerosol added as a preservative. The tomato pulp suspension was clarified by centrifugation and the supernatant (about.2 liters) was combined with 100 ml of 1 M sodium acetate. The proteins that precipitated between 30% and 75% saturation with (NH4)20S4 were dissolved in water and dialyzed against 20 mM potassium phosphate (pH 8.0). The solution was adjusted to 6% (wt/vol) with calcium phosphate gel (pH 8.0) and centrifuged, the supernatant was discarded, and the gel was washed with 20 mM potassium phosphate buffer. Proteins that were eluted from the gel with 1 M sodium acetate at pH 4.5 were dialyzed against 50 mM sodium acetate (pH 4.5) for several hours at 20C. The solution was passed through a column of DE-52 (4.8 X 12 cm) preequilibrated with 50 mM sodium acetate buffer and eluted in a 0-0.4 M NaCl gradient. The endopolygalacturonase-con-*taining fractions were pooled, precipitated at 75% saturation with ammonium sulfate, and stored at 20C.
Endopolygalacturonase activity was assayed both viscometrically and calorimetrically by the method of Somogyi (7) using 0.5% polygalacturonic acid as substrate. Both assays were carried out in 50 mM sodium acetate at pH 4.6 . One unit of endopolygalacturonase is defined as the amount of enzyme that catalyzed the appearance of 1 mmol of reducing equivalent in 1 min from a 0.5% solution of polygalacturonic acid at pH 4.6. Pectinesterase was purchased from Sigma. It contained a low endopolygalacturonase activity that was removed by adsorption to calcium phosphate gel (8) . Pectinesterase activity was determined titrimetrically with a pHstat. Tomato leaf cell walls were prepared by the procedures of Selvendran (9) .
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Tomato inhibitor I was assayed in cotyledons as described for leaves (10 Table 2 ). The early progress of the endopolygalacturonase digestion of PIIF, monitored at 1 and 3 hr (Fig. 2) , indicated that a progressive cleavage of PIIF from larger polysaccharides to oligosaccharides was occurring. Assays of these early digestion products also showed the oligosaccharides to be PIIF-active (data not shown) in inducing tomato cotyledons to synthesize and accumulate proteinase inhibitor I protein. These experiments raised the possibility that active oligosaccharides could be generated from PIIF by endopolygalacturonases from tomato plants.
Tomato PIIF was demethylated by mild acid hydrolysis and incubated with a partially purified endopolygalacturonase preparation obtained from tomato fruit. The reaction products were (Right) PIIF (10 mg) was preincubated with 1.0 mg of pectinesterase for 6 hr followed by incubation with fungal endopolygalacturonase for 8 hr. After incubation, the samples were heated for 5 min in a boiling water bath to inactivate the enzyme(s), cooled, and chromatographed on Sephadex G-25. Aliquots (10 pl) ofeach 1.5-ml fraction were assayed for total carbohydrate with phenol/sulfuric acid (11) .
isolated by Sephadex G-25 chromatography as described above and assayed for PIIF activity. A nearly quantitative conversion of tomato PIIF into three major oligosaccharide fractions occurred (Fig. 3) . Assays of these three fractions with tomato cotyledons indicated that they all were active inducers of inhibitors I and II (Table 3 ). The three fractions (A, B, and C) eluted from the Sephadex G-50 column at approximately the elution volumes of the mono-, di-, and trigalacturonic acid standards. A ratio of total carbohydrate to reducing equivalents (galacturonic acid as carbohydrate standard and glucose as reducing standard) gave values of 1.1 for peak A, 2.0 for peak B, and 2.7 for peak C. These values suggest that active components are in the monomer to trimer size but, because the carbohydrate components of each fraction have not yet been isolated and analyzed, it is not yet possible to assign a size to any of the active components.
Previous observations (3) that both tomato PIIF polysaccharide (Mr 5000-10,000) and a large (Mr 200,000) fragment of sycamore cell walls (called RGI) (12) were active in PIIF assays suggested that PIIF might be released from these large polysaccharides in a form that is rapidly transported in the plant vascular system. An in vivo conversion of tomato PIIF polysaccharide into PIIF-active oligosaccharides may thus provide a mechanism for the rapidly released and transported wound-produced message. It was of interest to test whether insoluble cell walls from tomato plants would produce PIIF oligosaccharides when digested with tomato endopolygalacturonases. When tomato cell walls prepared from young tomato plants were subjected to enzymic hydrolysis with a mixture of tomato pectinesterase and tomato endopolygalacturonases, a significant amount of PIIF-active carbohydrate was released whereas little carbohydrate was released in the absence ofthese enzymes (Fig.  4) . The solubilized carbohydrates ofthe degraded cell walls contained PIIF-active materials (Table 4) . To explore further the sizes of the active carbohydrate released, cell walls were in- fractions were collected and assayed for carbohydrate as described in Fig. 1 . Pooled fractions labeled A, B, and C were lyophilized and assayed for PIIF activity (shown in Table 3 ).
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Biochemistry: Bishop et al. cubated overnight with the tomato enzymes and the solubilized carbohydrates were recovered. When the enzyme-solubilized carbohydrates were chromatographed on Sephadex G-25, measurable PIIF activity was found in the oligosaccharide fractions (Fig. 5) . None of the oligosaccharides produced from either tomato PIIF or from cell walls was as great as tomato PIIF itself. Although this may be disturbing with respect to specific activity, it is not surprising. The oligosaccharides probably are more mobile and may be more easily absorbed and metabolized in the stem, petiole, or leaf tissues compared to the larger active polysaccharides which may act by a "slow release" mechanism that provides oligosaccharides during the entire degradation process. In addition, we have recently demonstrated (13) that PIIF transport in vivo is likely to occur via the phloem whereas in excised plants it is delivered through the xylem by mass flow. When the oligosaccharides were supplied over longer periods (e.g., 1-2 hr), they generally exhibited stronger activities.
In order to determine if tomato PIIF was actually degraded to oligosaccharides when supplied to excised tomato plants during PIIF assay, 3H-labeled PIIF was supplied to small excised tomato plants through the cut stems under typical assay conditions. The plants were allowed to take up label for 30 min and by hydrolytic enzymes that either are activated during wounding or are introduced by invading pests. These oligosaccharides themselves, or a product induced by their presence, could then be transported rapidly through the plant vascular system to target cells where they induce the synthesis and accumulation of proteinase inhibitor proteins. We suggest that the intracellular communication is mediated by oligosaccharides arising from plant cell wall substances and that this process may be a common feature of plants to communicate information. It should also be emphasized that the conversion of tomato PIIF into small oligosaccharides by fungal endopolygalacturonase required pectinesterase. This implies that the latter enzyme may play a role in the process of PIIF release in vivo and that demethylation ofcell walls or their products may be additional levels of control of the formation or release of active PIIF.
The fungal endopolygalacturonase used in this study has been shown to be an inducer of casbene (5) , a phytoalexin present in castor bean, although the specific involvement of oligosaccharides has not been reported to mediate the message in this system. A similar implication ofa cell wall fragment in phytoalexin induction has been presented (14) but the composition of this fragment was not reported. In those instances, cell wall fragments may be acting as "endogenous elicitors" (15) , substances released from plant tissues by fungal attack that induce phytoalexin production in cells in close proximity to the infection. PIIF differs from endogenous elicitors in that it communicates both with nearby tissues and with tissues several centimeters away. It is possible that other plant communication systems may involve cell wall fragments as messengers on carriers to initiate processes in both proximal and distal tissues in response to the environment. In the case of pest attack, oligosaccharide messengers, produced in response to breaching of the plant cell wall, could provide a first line of inter-and intratissue communication in responding to such attacks.
